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Available transfer capability (ATC) is an important metric used to measure 
the techno-economic viability of the transmission networks. Several methods 
have been presented in literature for ATC assessment, however, only some 
few articles incorporate CBM in ATC calculation and those few papers only 
considered conventional power generation sources in CBM evaluation. CBM 
is a function of the reliability of generating units. This paper presents the 
inter-area CBM calculation in the presence of wind energy source using 
graph theory technique and the results are incorporated in ATC computation 
using repeated power flow. CBM is incorporated in ATC computation as 
non-recallable and recallable power transfers. The results with and without 
CBM incorporation, in the presence of wind power system, are compared. 
The contribution of the paper is to study the influence of wind power (WP) 
integrated CBM on ATC evaluation. The results showed that the 
incorporation of CBM, in the presence of renewable energy, has a significant 
influence on ATC, without which ATC would be inaccurately estimated. 
Simulations using IEEE 24-Bus RTS is used to implement the proposed 
approach. This approach can be employed by transmission operators to 
assess the technoeconomic viability of the power network for possible power 
transactions. 
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1. INTRODUCTION 


The vertical integrated utility, where generation, transmission and distribution are managed by a 
single entity, has been in existence for decades [1]. The operation of these utilities is controlled by the 
regulations and guidelines set by the government [2], [3]. They are also responsible for the expansion, 
maintenance, and standardisation of the electrical power industry [4]. This monopoly form of operation 
has created ineffective techno-economic turnout resulting in unsatisfactory service delivery. However, 
literature survey has revealed that an efficient restructuring approach in electric power sector is necessary 
for a sustainable techno-economic improvement and delivery [5], [6]. Therefore, the exiting utilities 
structure are going through reformation to improve the system for effective service delivery [7]. Following 
the restructuring of the sector, the role of the vertically integrated unit is shared by various market 
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participants: generation, transmission, and distribution companies as well as the independent system 
operators (ISOs) [2], [8], [9]. 

To foster a competitive power market structure and to provide effective customer service delivery 
with the opportunity to have choice of utility selection by the customers, the U.S. Federal Energy 
Regulatory Commission (FERC) issued order 888 and 889, which instituted Open Access Same-Time 
Information System (OASIS). The OASIS provides non-discriminatory access to the use of transmission 
system, thereby enabling an effective competitive system known as deregulated system [10]. Despite the 
associated benefits of deregulated system, there are inherent disadvantages if there is no adequate control 
management to oversee the operation. The most probable bottleneck is network congestion [2], [11] 
congestion can occur in some part of the network which can result in system security challenges. To 
circumvent this condition and to deliver efficient information to the power market operators, available 
transfer capability is used as a measure of techno-economic feasibility of the network. The flexibility, 
robustness and security of the transmission system can be evaluated by the amount of ATC which the 
system can contain for possible power transfer [2]. Accurate evaluation of ATC can provide the necessary 
information required for the upgrading of transmission network [2]. ATC is the amount of transfer 
capability, in excess of the already committed uses, that can be used for the next power transaction [12]. 

In addition, to accurately calculate, other transmission reserve margins need to be incorporated in ATC 
computation. There exist two transmission reserve margins and total transfer capability (TTC) [2], [12]; 
capacity benefit margin (CBM) and transmission reliability margin (TRM). TRM represents the portion of 
transmission transfer capability that is reserved for the security of the interconnected systems under 
acceptable bounds of uncertainties in the system conditions. TTC is defined as the total amount of electric 
power that can be transferred over the interconnected network reliably while meeting a specific set of pre- 
and post-contingency system conditions. CBM is the amount of transmission capability earmarked for the 
load service entities to have access to external generation in order to meet generation reliability 
requirements [2]. The (1) shows the mathematical relationship between these metrics. Mathematically, 
ATC can be expressed as (1). 


ATC = TTC — TRM — CBM — ETC (1) 


Where ETC represents existing transmission commitment. 

Several mathematical techniques have been proposed in literature for ITC and TRM computations. 
However, despite the enormous body of research on ATC, only few researchers [13]-[18] incorporate CBM in 
ATC computation without considering renewable energy generation in CBM evaluation. Moreover, in recent 
years, power system generation sources have metamorphosed from being conventional sources to alloyed forms 
consisting of both conventional and renewable sources [19]—[22]. The integration of renewable energy sources 
has instigated power systems operators to perpetually improve the system security and stability. 
Karuppasamypandiyan et al. [18] incorporate wind power (WP) in ATC evaluation by adding WP into the test 
system to study the influence of WP on ATC but not on CBM. The addition of WP into the existing system 
generation will reduce power flow in some sections of the network and increase it in other sections of the 
system network depending on which area or bus the WP units are integrated. However, the stochastic effect of 
WP cannot be effectively assessed due to the usage of the predicted power output of the wind system, which 
mimics the addition of a conventional generating system. Existing literature has shown that CBM has a great 
impact on the calculated value of ATC as compared with TRM [13]. Accurate evaluation of CBM is very 
crucial to avoid over-/under-estimation of ATC. CBM is a function of the amount of generation capacity and the 
reliability of the generating units installed in the system. Therefore, it is imperative to investigate the influence 
of renewable energy on the evaluation of CBM while incorporating it in ATC computation. 

In this work, repeated power flow is employed to calculate ATC, and graph theory is used to evaluate 
CBM in the presence of a wind power system considering the multistate wind power output. The modified IEEE 
24 bus RTS [13] is used to implement the proposed approach. To effectively study the influence of wind power 
on the CBM and subsequently on ATC, the wind capacity is installed in proportion to the conventional 
generation capacity of the concerned area, and it is taken as 20% of the existing capacity of the area [23], [24]. 
The rest of the paper is organized as follows. Problem formulations for ATC computation is discussed in section 2. 
section 3 describes the proposed technique for calculating CBM, and section 4 presents the details of the test 
system. The results and discussion of the findings are presented in section 5. Section 6 concludes this paper. 


2. ATC COMPUTATION 
Repeated power flow (RPF) is a steady-state solution of a power system network that repeatedly 
solve power flow equations at a sequence of points via a specific transfer direction [2]. Compared to any OPF 
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techniques, RPF provides P-V and V-Q curves for voltage stability verification. Its implementation is simple, 
and the convergence time is less than CPF [2]. The main reason for TTC computation is to ascertain the 
maximum active power transfer between two areas by increasing the power transfer via the tie-lines until a 
system constraint (voltage, thermal or stability) is reached at any part of the transmission system. Therefore, 
the TTC calculated for the most restrictive limitation is chosen as the network TTC value [25]. In this 
research, voltage and thermal constraints are considered. TTC is determined by increasing the power output 
of the generating units in the supply area and decreasing the power output of the generating units in the 
demand area [13]. RPF is used in this research to compute TTC because it is easier to implement, and it has a 
reduced convergence time [25]. From (1), ETC is the pre-power transfer power flow in the system. Existing 
literature have shown that CBM has greater impact on the calculated value of ATC compared with 
TRM [13], [18]. Therefore, the (1) becomes (2) as follows. The RPF algorithm for TTC computation is 
described in Algorithm 1. 


ATC = TTC — CBM — ETC (2) 


After obtaining TTC and CBM, ATC can be easily evaluated subject to the equality and inequality 
constraints, as follows. Equality constraints 


Poi — Poy = ZN (Vil W;lYylcos (8; — 8; — 8) 2 
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Algorithm 1. Repeated power flow algorithm 


Step 1. Run base case power flow 

Step 2. Assign varying factor as a percentage of area generation capacity 

Step 3. Perform power transfer by increment generation with the varying factor at seller area/bus and 
decrement generation with the varying factor at seller area/bus 

Step 4. Re-run power flow after power transfer execution 

Step 5. Any constraint violation? If yes, go to Step 6, If no, go to Step 3 

Step 6. Decrease the varying factor 

Step 7. Re-run power flow again 

Step 8: Any constraint violation? If yes, go to Step 6, If no, go to Step 9 

Step 9: Calculate the ATC by taking the difference between the case and the new case 


3. CAPACITY BENEFIT MARGIN 

The measure of transmission capability reserved for load serving entities (LSEs) to access external 
generation from interconnected areas in lieu of internal reserve during unplanned generation insufficiency is 
called CBM. Loss of load expectation (LOLE) is a reliability metric commonly employed for CBM 
evaluation. LOLE is the average number of days or hours in a specified period (typically one year) in which 
the daily/hourly peak load is envisaged to exceed the available generation capacity [26]-[28]. The condition 
is to maintain the LOLE of the concerned areas to be less than the standard value (usually 2.4 hours/year) 
[16], [29]. An area with LOLE higher than the standard value is deficient, and it needs external generation 
through CBM to improve its supply capability. On the other hand, if the LOLE value is below the standard 
value, then the area is efficient, and it can serve as an external generation source to the deficient areas. 
Therefore, this external generation is routed through the reserved CBM depending on the LOLE of an area. 
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Most of the existing techniques to determine CBM rely on optimization methods such as PSO [15], 
EP [30], DE [17], and trial and error [13] using the LOLE metric. These techniques are not efficient as they 
are time-consuming for multiarea CBM evaluation. In this work, the graph theory approach is employed to 
calculate inter-area CBM. This article aims to study the effects of CBM on ATC values with and without WP 
incorporated in CBM. The algorithm for generation reliability assessment is as follows: 


Algorithm 2. Algorithm to calculate LOLE, identify deficient and efficient areas 


Input: Genmatrix» LOadarea, Load duration curve, LOLE target _vatue 
Output: Pp 
Calculate LOLE using Genmatrixand Load duration curve 
If LOLE < LOLEarget_vatue (Efficient Area) 
Initialize L = Load area 
While (1) { 
Compute LOLE using L 
If LOLE > LOLEtarget_vatue (Deficient Area) 
Pp = L — Load area 


Break 

L= L + Step} 
Else 

Initialize G = Genmatrix 
While (1) { 

Compute LOLE using G 


If LOLE < LOLE par get_vatue 
Pp = Genmatrix - G 
Break 
G = G + Step} 


The maximum flow algorithm problem was formulated to calculate the CBMs for the three-area 
system in Figure 1. The possibility of the CBM allocation is assessed based on the calculated LOLE of the 
areas. If the flow on edge between area m and area n is represented with fmn then the formulation of the 
maximum flow problem can be written as follows [31]: 


Maximize: 
Yim:(s,m)ed s,m (9) 
Subject To: 
fmn SUmn Ym, n) EA (10) 
Èk:(m, kea fmk — Èr:(km)ea frm = 0, Vm eV (11) 


The pictorial representation of the interconnected areas using the graph technique is shown in 
Figure 1. The graph shows the CBM supports from efficient areas 2 and 3 to deficient area 1. Moreover, Un m 
represents the amount of CBM supports from area n to area m and vice versa. Algorithm 3 is employed for 
CBM computation. 


Algorithm 3. Algorithm for CBM Evaluation 

Step 1: Employ Algorithm 1 to evaluate the graph solution of the interconnected areas 
Step 2: Identify and connect (using edges) source and sink nodes 

Step 3: Assign capacity to the edges in step 2 equal to —A; 

Step 4: Assign capacity A; to the edges from deficient nodes to sink node 

Step 5: Execute the maximum flow procedure on the interconnected system 

Step 6: If the flow from the supply node to demand node = Dyotqi 

Step 7: Allocate CBM from area n to area m = fn,m 

Step 8: Else 

Step 9: No viable CBM allocation 


In Algorithm 2, Genmatrix represents the generation matrix of areas given by (12). 
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G, n, FOR, 


GeNmatrix = (12) 


Gy n, FOR, 


Where, Gn, Nn and FOR,, represent generation unit capacity, number of units and forced outage rate of the 
corresponding generation unit respectively. The (12) is modified, as shown in (13), to incorporate wind 
power generation mix in Genmatrix calculation. All the matrix inputs remain the same as in (12) except Gwn, 
which represent the generation capacity of wind power in an area, Cap_prob(Avail, &FOR;) is the available 
capacity probability, n, _, is the number of wind power capacity multistate units. All these are used in the 
computation of LOLE in Algorithm 2. 


Gi nı Cap_prob (Avail, &FOR;, ) 


Gen = | Gn n,  Cap_prob(Avail, &FOR,) (13) 


+ + Nn 
Gwn Phn.......1 PDF(w_speed) 


CBM is incorporated in ATC as recallable and non-recallable transfers. In a recallable transfer, 
CBM is subtracted directly from the calculated TTC. In a non-recallable transfer, the generation output in all 
generators in the concerned areas is modified according to CBM allocated to the areas. Therefore, the TTC 
calculated in the second case is the same as ATC. Hence, the generators’ outputs are modified using (14). 


CBMq 
a 
Ng 


Gen? = Gen? + aEA,i ENG (14) 
Where, Gen? is the output of generator i in area a, A is the number of areas in the interconnected system, 
CBM, is the CBM of area a, and N¢ is the number of generators in area a. The sign in (14) depends on 
whether it is receiving area or supply area, if it is the receiving area the sign will be negative and vice versa. 
Then the power transfer due to ATC is reduced with the influence CBM. 


Figure 1. Interconnected systems graph with efficient and deficient areas 


4. TEST SYSTEM 

In this work, MATLAB 2016b is employed to implement the proposed approaches. Modified three- 
area IEEE 24-bus RTS data [13] is used to implement the proposed strategies for CBM and ATC 
computation evaluations. The system can be found in [32]. Initially, all three areas are deficient, i.e. the 
LOLE from all regions are higher than the standard value (2.4 hours/year), therefore the system was modified 
in [13], to employ the system for reliability assessment. Table 1 shows the details of the 24-bus reliability test 
system (RTS). To effectively study the effect of wind power (WP) in CBM computation, 20% of the installed 
capacity was replaced with WP in each area. As shown in Table 1, the percentage of WP has a notable 
influence on CBM [33]. The generation units with bold font show the WP replacement of the conventional 
generation units. Multistate WP output was considered in the reliability evaluation. The main contribution of 
this paper is to accurately incorporate CBM in ATC computation using RPF with and without WP in CBM 
and assess the influence on the ATC values. 
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Table 1. Modified test system 


Area Bus No Primary Gen Modified Gen Generating Units Replacement with Load 
(MW) (MW) Units (MW) Wind Power (MW) (MW) 
1 14, 15, 16, 17, 18, 19, 21, 1170 2035 12x5 12x5 1125 
24 155x5 155x5 
400x3 400x2 
400x 1 
2 5, 6, 8,9, 10,11, 12, 13,20, 1551 1748 50x6 50x6 1141 
22,23 155x2 155x2 
197x4 197x4 
350x 1 350x1 
3 1, 2, 3, 4, 7, 24 684 784 20x4 20x1 584 
76x4 76x4 
100x4 100x3 
100x1 
20x3 


5. RESULTS AND DISCUSSIONS 

In this section, the results of ATC incorporating CBM are presented. The CBM values were 
evaluated using graph theory, while the ATC values between the concern areas are calculate using the 
repeated power flow (RPF) algorithm, as presented in section 2, considering voltage and thermal limits. After 
evaluating the ATC values, the CBM results for the three-area system with and without wind power (WP) 
integration are incorporated in ATC computation in two ways. The first method includes CBM as recallable 
transfer, while in the second case, the CBM values are integrated into ATC computation as a non-recallable 
transfer. In the first case, the value of CBM between two areas is directly deducted from the ATC value 
calculated between those areas. The outputs of the generators between the concerned areas are adjusted 
according to the value of the CBM allocation following (14) in the second case. Figure 2 shows the CBM 
results for the three-area system without WP; in this figure, only area 2 supports area 1 with a CBM of 
79 MW. Figure 3 presents the CBM with WP integration in Areas 1, 2 and 3. The replacement of a 
conventional generation system with a WP system results in generation reliability degradation. Therefore, the 
ATCs between related areas are significantly affected, due to changes in the system's power flow, as 
explained in Figures 4, 5, 6 and 7. The paper's contribution is to study the influence of WP integrated CBM 
on ATC evaluation. Most of the existing research on ATC evaluation does not incorporate CBM in ATC 
calculation. The few articles [13]-[18] that integrate CBM do not include the stochastic effect of WP 
generation in the CBM before incorporating it in ATC despite its significant impact on CBM. 

From Figure 4, there is 79 MW CBM allocation from Area2 to Arael. Therefore, the ATC in the 
direction of Areal to Area2 decreases from 593 MW to 514 MW and 549 MW for recallable and non- 
recallable evaluations, respectively. In the reverse direction, i.e. Area2 to Areal, ATC decreases from 1169 
MW to 1090 MW and 1126 MW for recallable and non-recallable evaluations. There is no allocation of 
CBM from Area3 to Areal, however, the ATC in the direction of Areal to Area3 increases from 273 MW to 
281 MW for non-recallable transfer, this indicate that the power flow through Area3 has reduced due to the 
external supply to Areal from Area2, thereby creating more ATC in the lines between Areal and Area3. The 
ATC in the direction of Area 3 to Areal remains the same, as shown in the Figure 4. 


79 0 0 
= 
= Amy Any 
= AREA1 — AREA2 — AREA2 — AREA3 — 
z AREA2 AREA3 AREA1 AREA2 


Figure 2. CMB between interconnected areas without WP 
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Figure 3. CMB between interconnected areas with WP integrated in all areas in sequence 
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Figure 4. ATC incorporating CBM without WP 


In the case where WP is integrated into Areal as a replacement for conventional generation sources, 
the CBM required by Areal increases from 79 MW to 109 MW due to the replacement of traditional generators 
with wind turbine generator, consequently the ATC in the direction of Areal to Area2 decreases from 593 MW 
to 484 MW and 519 MW for recallable and non-recallable respectively, as indicated in Figure 5. However, the 
ATC in the reverse direction decreases from 1169 MW to 1060 MW and 1091 MW for both recallable and non- 
recallable techniques, respectively. Also, the CBM allocation from Area3 to Areal increases from 0 MW to 37 
MW compared with no WP integration in Areal. Therefore, the ATC in the direction of Areal to Area3 drops 
from 273 MW to 236 MW and 257 MW for recallable and non-recallable estimations, respectively. However, 
the ATC in the reverse direction i.e., Area3 to Areal decreases from 71 MW to 34 MW and 42 MW for both 
recallable and non-recallable evaluations, respectively. The increase in the CBM for Areal was due to the 
generation reliability degradation due to replacing conventional generating units with WP systems. Therefore, 
CBM allocation to the area is increased from 79 MW to 146 MW. As expected, the support from Area2 could 
not be enough to sustain the Areal generation reliability; therefore, the support was shared between the two 
supporting areas. This assessment is crucial because it helps the utility deploy the necessary measures o avoid 
system congestion and loss of load in the system. 


1000 


200 37 
0 3 
-200 CBM (MW) ý ATC without CBM ATC (Recallable ATC (Non- 
-109 (MW) CBM) (MW) recallable CBM) 
(MW) 


Areal — Area2 Areal — Area3 Area2 — Areal Area3 — Areal 


Figure 5. ATCincorporating CBM in the presence of WP in Area 1 
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In the case where WP is integrated to replace conventional source in Area2, the CBM support from 
Area2 to Areal decreases from 79 MW to 43 MW due to the reduction in generation reliability of Area2, as 
shown in Figure 6. The ATC in the direction of Areal to Area2 decreases from 593 MW to 550 MW and 571 
MW for recallable and non-recallable evaluations, respectively. The ATC in the reverse direction falls from 
1169 MW to 1126 MW and 1148 MW for recallable and non-recallable, respectively. It can be observed that 
the decrease in ATC is less compared with the case where the CBM support from Area2 was 109 MW; this is 
due to the reduction in the amount of flow between the areas. 


1169 


1000 1126 1148 
800 273 237 
593 550 571 252 

600 

400 

200 43 36 71 35 39 

Peny 
CBM (MW) ATC without CBM ATC (Recallable ATC (Non-recallable 

“0 43 -36 (Mw) CBM) (MW) CBM) (MW) 


 Areal—Area2 mAreai—Area3_ \\\Area2—Areal = Area3—Areai 


Figure 6. ATC incorporating CBM in te presence of WP Area 2 


In the last case where WP is integrated in Area3, a critical scenario occurred due to degradation in 
the interconnected generation reliability, as shown in Figure 7. The three-area system was previously 
consisting of two supporting areas and one deficient area. However, due to the replacement of the convention 
source with WP in Area3, the system changed from two supporting areas and one deficient area to two 
deficient areas and one supporting area. In this case, only Area2 supports Areal and Area3 with CBM of 
79 MW and 9 MW, respectively, as shown in Figure 3. Therefore, the ATC in Areal to Area2 decreases from 
593 MW to 514 MW and 533 MW for recallable and non-recallable, respectively. However, the ATC in the 
reverse direction i.e., Area2 to Areal, decreases from 1169 MW to 1090 MW and 1123 MW for recallable 
and non-recallable approaches, respectively. This affirms that the recallable approach is unrealistic and can 
lead to inaccuracy in ATC computation. It has been affirmed in [13], [30], [34] that the recallable (non-firm 
transfer) approach can underestimate ATC. Also, the ATC in Area2 to Area3 decreases from 306 MW to 
297 MW and 301 MW for recallable and non-recallable, respectively. Moreover, despite the allocation of 9 
MW CBM from Area2 to Area3, the ATC from Area3 to Area2 decreases from 68 MW to 59 MW and 63 
MW for the recallable and non-recallable, respectively as shown in the Figure 7. 


oo i a a 
) 1123 
ATC (Non-recallable CBM) (MW) [11 20: 
a TN 533 


ATC (Recallable CBM) (MW) f 


ATC without CBM (MW) f 


Area3—Area2 ™Area2—Areal “` Area2—Area3 || Areal—Area2 


Figure 7. ATC incorporating CBM in the presence of WP Area3 


It can be observed from the ATC results in Figures 4, 5, 6 and 7, that the influence of CBM 
allocation on ATC between interconnected areas does not solely depend on the amount of CBM allocated 
between the concern areas but also depends on the power flow in the interconnected system. The glaring 
example is the ATC in the direction of Area3 to Area2. Despite the allocation of 9 MW between the areas, 


Int J Appl Power Eng, Vol. 11, No. 2, June 2022: 145-155 


Int J App] Power Eng ISSN: 2252-8792 Oo 153 


the reduction in ATC is minimal (2 MW) compared to the 9 MW allocation; this is due to the change in 
power flow within the network. 


6. CONCLUSION 

ATC is an important metric used to measure the techno-economic viability of transmission 
networks. However, other transmission transfer capability margins need to be incorporated in the ATC 
evaluation for accurate assessment of this metric. Therefore, this paper presented a simple and precise 
strategy to assess the influence of wind power (WP) integrated CBM in ATC evaluation. Most of the existing 
approaches for ATC computation do not incorporate the stochastic effect of renewable energy in the CBM 
evaluation before integrating it in ATC computation despite its influence on ATC evaluation. In this study, 
the impact of CBM with and without WP on ATC is assessed. To effectively study the effect on ATC, WP 
was integrated into the system as a replacement for the conventional power generation, unlike the existing 
techniques where WP is usually incorporated as an additional generation source. The results of ATC without 
CBM, with CBM without wind power, and with CBM in the presence of wind power are compared. The 
proposed approach employed graph theory for CBM computation, and the CBM is incorporated in ATC 
using RPF. The obtained results have revealed that assessment of ATC without CBM incorporation would 
lead to overestimation or underestimation of ATC, which could threaten the security or result in 
underutilization of the transmission network resources. The modified IEEE RTS is employed for the 
implementation of the proposed approaches. Most of the existing methods of incorporating CBM in ATC do 
not consider stochastic wind power behaviour in CBM evaluation. They are basically relied on heuristic and 
optimization approaches which are inaccurate and time-consuming, respectively. The contribution of this 
paper, unlike the existing techniques where capacity benefit margin (CBM) is incorporated in Available 
Transfer Capability (ATC) without considering the stochastic nature of renewable energy sources in CBM. 
This paper considers the multistate output of wind power in the CBM evaluation before it was incorporated 
in ATC computation. Moreover, the wind power system replaced some percentage of conventional 
generation sources instead of adding it to the existing generation sources to effectively study the influence on 
the system generation reliability. Transmission operators can employ this approach to assess the viability of 
the system for possible power transactions. 
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